Abstract. Vascular epiphytes were studied in forests at altitudes from 720 to 2370 m on the Atlantic slope of central Veracruz, Mexico. The biomass of all trees of each species > 10 cm diameter at breast height within plots between 625 and 1500 m 2 was estimated. The number of species per plot ranged between 22 and 53, and biomass between 9 and 249 g dry weight/m 2 . The highest values, both of species and biomass, were found at an intermediate altitude (1430 m). Habitat diversity may contribute to epiphyte diversity in humid forests, but the importance of this effect could not be distinguished from the influence of climate. A remarkably high number of bromeliads and orchids grew in relatively dry forests at low altitudes. In wet upper montane forests, bromeliads were replaced by ferns, while orchids were numerous at all sites, except for a pine forest. The number of epiphytic species and their biomass on a tree of a given site were closely related to tree size. According to Canonical Correspondence Analysis, the factor determining the composition of the epiphytic vegetation of a tree was altitude and to some extent tree size, whereas tree species had practically no influence. The only trees which had an evidently negative effect on epiphytes were pines, which were particularly hostile to orchids and to a lesser degree to ferns, and Bursera simaruba, which generally had few epiphytes due to its smooth and defoliating bark.
Introduction
The canopy of tropical and subtropical forests has received much attention within the last two decades (Perry 1984 ) and has, not without justification, been called "the last great unexplored frontier of life on Earth" (Myers 1984) . As canopy access techniques were developed and the enthusiasm of biologists increased, we began to understand the importance of the canopy for the functioning of the forest, and for biodiversity.
Compared to the amount of information available for ground-rooted vegetation, little is known about the composition of epiphytic communities and the influence of environmental variables on the vegetation of the canopy. No detailed studies have been published on the epiphytic vegetation of Mexico. Moreover, most studies published so far are descriptive rather than analytical. Numerical methods for classification and ordination, now a standard procedure in vegetation analysis, have successfully been used for epiphytic cryptogams (Kenkel & Bradfield 1981; Kantvilas & Minchin 1989; Wolf 1993 ), but, with few exceptions (van Leerdam et al. 1990) , almost never for vascular epiphytes.
A number of studies carried out in tropical mountains (Gradstein & Frahm 1987; Frahm 1990; Wolf 1993) have shown a strong stratification of cryptogamic epiphytes along altitudinal gradients. On the other hand, Sugden & Robins' (1979) paper on epiphytes in the Sierra de Santa Marta and the Serranía de Macuira, Colombia, is, to our knowledge, the only detailed account of the distribution of vascular epiphytes. Their study suffers to some extent from the rather small plot sizes (98 and 100 m 2 ) and the fact that many species could not be identified.
For one of the sites described here, it has been shown that there are at least two gradients which influence the epiphytic vegetation on the host trees (Hietz & HietzSeifert in press) . One is the microclimatic gradient from the humid and shaded stem base to the drier and lighter outer twigs, and the other one along branches of varying diameters.
This study describes the differences amongst epiphytic communities for trees at the same location and for different locations. The importance of climatic variables and variables associated with the host trees for the distribution of species, species groups, diversity, and biomass, is examined. In contrast to most other studies, we recorded epiphyte biomass, which is a more accurate measure of the importance of a species than are individual numbers or frequency. Rzedowski's (1986) classification, sites 1 and 2 were studied along an altitudinal transect in central Veracruz. Average temperature calculated with the regression equation from Fig. 1 ; annual precipitation estimated from the nearest weather station or extrapolated between the two or three closest stations. Sites 1 and 2: mixture of dry oak forest (encinar) with tropical dry forest (selva baja); site 3: pine forest (pinar); sites 4 and 5: mesophilous montane forest (bosque mesófilo de montaña); site 6: transition between mesophilous montane forest and montane pine-oak forest (bosque de pino-encino). 
Study sites and Methods
The study sites are located in central Veracruz, Mexico, close to the state capital Xalapa, along an altitudinal gradient ranging from 720 to 2370 m a.s.l. (Table 1 ). The exact location of the sites is not revealed in order to protect plants from collectors, but is available upon request to scientists with specific interests. In this area the north-south oriented Sierra Madre Oriental, which borders the central Mexican highlands, meets an east-west oriented chain of tertiary volcanoes (Rzedowski 1986) , with Xalapa lying at the foothills of the 4250 m high Cofre de Perote. The humid air from the warm Mexican Gulf rises along the Atlantic slopes and causes high levels of precipitation and humidity and frequent mists. While temperature shows a strong negative linear correlation with altitude, precipitation is more influenced by local climatic conditions and topography, but generally is highest around 2000 m (Fig. 1) . Monthly means of the coldest (December or January) and the warmest month (May or June) differ by ca. 6 -7 °C. 75 -80 % of rain falls in the wet season between June and October.
Today, most of the original forest has been cleared or replaced by young secondary forest. Old-growth forests remain only on steep slopes, on soils too rocky for agriculture, and in a few poorly accessible locations.
The six sites selected were old-growth forests without signs of recent human disturbance, except for site 6, where some big trees were probably felled a few decades ago, and which contained two large rocks, and site 3, where goats occasionally graze. Sites 1 and 2 are situated on rather dry and shallow soils. Consequently, they are of lower stature and have a lighter canopy than forests on soils commonly found at this altitude, but these have been replaced by fields. Site 3, an almost monospecific stand of Pinus pseudostrobus, is exceptional in being situated on a rocky lava flow with a very shallow soil. At all other sites, oaks were dominant trees. See Table 1 for details and Fig. 2 for some photographs.
Plot size was at least 625 m 2 , but larger if the species-area curve (Hopkins 1957) suggested so. For the purpose of this paper some variation in plot size is not important; for comparison, species numbers are also given for 625-m 2 subplots in each case ( Table 2 ).
All vascular epiphytes were recorded on all trees with a diameter at breast height (DBH) > 10 cm. Tree number per plot ranged from 34 to 61. Each tree was divided into six zones: (1) branches < 5 cm diameter; (2) branches > 5 and < 20 cm diameter; (3) branches > 20 cm diameter; (4) upper stem; (5) lower stem; and (6) stem base to 1 m height. No tree at any site had buttresses. Most trees were climbed and observations were made by one person in the tree and one person on the ground using binoculars. Vegetative units (individuals, leaves, or shoots) of epiphytes were counted and (for cacti) shoot length measured. A number of vegetative units per species were sampled, dried, and weighed, and total dry matter of each species within the plots was calculated per m 2 ground area. Only green parts of vascular epiphytes were counted, partly because the quantification of wood and roots was difficult, but also because green parts, being photosynthetically active, are most important for ecosystem studies, since their surface, turnover rates, and biochemical activity are greatest.
Consequently, total epiphytic biomass was underestimated for sites with abundant ferns (site 5), whose rhizomes may account for a large part of their biomass, and for sites 4, 5 and 6 with abundant woody hemiepiphytes. Cryptogams were not included in this study; they contributed considerably to the total epiphytic biomass at site 5 only. Dead organic matter, especially tree leaves trapped among epiphytes, was conspicuous at site 2, but was not at any site more than a fraction of the total epiphytic biomass. Most individuals, also juveniles, could be identified in the field. Only immature individuals of some bromeliads were often difficult to distinguish; these were assigned to groups (e.g. Tillandsia, broad-leaved). Methods are explained in more detail in Hietz & Hietz-Seifert (subm.) . Voucher specimens have been deposited at the herbarium of the Instituto de Ecología at Xalapa (XAL), with some duplicates, especially of bromeliads, at the Institute of Botany, University of Vienna (WU). Bursera simaruba, present only at site 2) to 4 for very rough with abundant deep fissures. The influence of bark roughness on the number of species per tree and the estimated epiphytic biomass was tested using analysis of covariance (ANCOVA, Zar 1984) , with the number of species and log biomass, respectively, as dependent variables, bark roughness class as factor, and log BA as covariable. ANCOVA assumptions of normal distribution and homogeneity of variances were not met for site 2. Although ANCOVA is considered rather robust against violations of these constraints (Zar 1984) , we additionally compared slopes of regressions for bark roughness 1 (Bursera) and 4 (Quercus) for site 2.
Habitat diversity for epiphytes may be calculated as the distinctiveness of epiphyte assemblages in different 
Data analysis
The positive correlation between host size and the number of epiphytic species is most obvious (Fig 3) . Whereas the relation between DBH or basal area (BA) and the number of species per tree was non-linear, log BA and species number were linearly related. Hence, linear regressions between log BA and the number of epiphytic species per tree were calculated. Slopes were compared by multiple linear regression (Zar 1984) to test whether trees at various sites and altitudes were hosts to a significantly different number of species, eliminating the fact that the trees were of different size.
Four categories of bark roughness were distinguished, ranging from 1 for very smooth and defoliating (only altitude by treating it as a covariable to test whether any of the variables associated with individual trees were of importance for the composition of the epiphyte community. All parameters were default values of CANOCO (ter Braak 1987) .
Two commonly used diversity indices were calculated (Krebs 1989 ). 1. Shannon-Index:
where p i is the proportion of a species compared to the total biomass, is a measure of evenness and declines if few species are dominating. 2. Simpson-Index:
which in itself is a measure of dominance.
zones on a tree. Colwell & Futuyma's (1971) 'collective heterogeneity of resource states', calculated with the species biomass values of the six zones distinguished, was used as a measure of habitat diversity at each site. Theoretically, the value ranges between 1 (no resource shared by two species) and 0 (all species taking the same share of the same resources). The epiphytic communities were analysed with Canonical Correspondence Analysis (CCA, ter Braak 1987) using 10 log biomass values as species scores and treating each tree as a site or sample. Environmental variables tested were: altitude, DBH, the number of epiphyte species, 10 log of epiphyte biomass, and bark roughness. The first run resulted in altitude being the single dominant variable. We consequently eliminated the effect of 
Results

Floristic diversity and distribution
At the six sites between 720 and 2370 m a.s.l., 134 species of vascular epiphytes were found. The species number per site decreased from 42 at site 1 at 720 m to 23 at site 6 at 2370 m ( Table 2 ). The pine forest at 1370 m, with 22 species, was much poorer than the broadleaved forest at a comparable altitude, with 53 species.
Two days of intensive searching in an area of several ha around each plot increased the number of species found by no more than 15 -20 % and consequently the plot size is considered adequate for a description of the epiphyte communities in the forests studied. Also, species numbers and composition of the plots reported were consistent with what we found during many field trips to locations of comparable altitude in the area.
Although no single forest plot below 700 m or above 2400 m was studied in detail, frequent field trips and a revision of the XAL herbarium gave a fairly accurate picture of species richness at these altitudes. 17 species of vascular epiphytes were recorded above 2700 m and nine species above 3000 m. In forests at altitudes between 300 and 500 m we usually found 10 -15 species, considerably less than at site 1.
There were many orchids in most forests, contributing between 19 and 45 % to the species richness (Fig. 4) . However, only one orchid species was found at site 3. The number of bromeliads was high at sites 1 to 4 (between 9 and 17 species) but decreased significantly at higher altitudes. Ferns, on the contrary, increased with altitude from two species at site 1 to 22 species, belonging to seven families, at site 5. Cacti were richest in species in the drier forests at low elevations (sites 1 and 2) and Peperomia at intermediate altitudes (site 4). Araceae, Araliaceae, Clusiaceae, Commelinaceae, Crassulaceae and Solanaceae were present with no more than two species at any site, except for Araceae with four species at site 4. Woody hemi-epiphytic trees or shrubs of the families Araliaceae, Clusiaceae and Solanaceae were common at sites 4 to 6, but rare at lower altitudes. Hemi-epiphytic figs, abundant and diverse in the lowland rainforest of southern Veracruz (Ibarra & Sinaca 1987) , are very rare in the montane forests of the area and were not present in any of our plots. Table 3 shows the number of species common to two biomass (Fig. 4) . In the forests at higher elevations (sites 5 and 6), biomass was dominated by ferns. Orchids, although present with many species, never contributed more than 13 % (at site 2) to the total epiphytic biomass. Primary hemi-epiphytic trees and shrubs, which germinate on their host-trees and later establish contact with the soil by aerial roots, represented about 5 % of the epiphytic biomass at sites 4 and 6, and 21 % at site 5 (mainly due to one large individual of Oreopanax liebmannii). Secondary hemi-epiphytes start as climbers and may later loose contact with the soil -although none within our plots had reached that stage. Of this life form only Syngonium neglectum at site 1 was prominent, accounting for 3 % of the total epiphytic biomass. However, note that only leaves were counted and that if wood were included, hemi-epiphytic trees at sites 4 to 6 would probably outweigh all other epiphytes. Sites 3 to 6 at intermediate and high altitudes had similar values for evenness (H' ranging from 1.84 to 1.99; Table 2 ) and dominance (D between 0.178 and 0.228). Site 1 had the highest evenness and lowest dominance measures, whereas the opposite was true for the floristically very similar site 2. In that forest two bromeliads, Tillandsia fasciculata and T. juncea, dominate the epiphytic vegetation and together they account for 88 % of the total epiphytic biomass.
Host specificity
At all sites the number of epiphytic species per tree was positively correlated with tree size, and the correlation was generally stronger at sites with larger species numbers (Fig. 3) . Species numbers per tree differed among sites, as tested by multiple linear regression. Site 4 not only had the largest total species number, but also the largest number of epiphytes on a tree of comparable size, with two oaks with a DBH of ca. 75 cm carrying 32 species of vascular epiphytes each. Sites 1 and 2 had about the same total species number per plot as site 5, but trees of the same size carried a significantly larger number of species at sites 1 and 2. The forest at the highest elevation (site 6) and the pine forest (site 3) had the lowest number of species per tree. All differences mentioned are significant at p < 0.001.
A significant (ANCOVA, p < 0.01) effect of bark roughness on the number of species and epiphyte biomass could only be shown for site 2, which was the only site with Bursera simaruba, the tree with the smoothest bark. Also, comparing the slopes of the regression between log BA and the number of epiphytic species for bark roughness 1 (Bursera) and 4 (Quercus) resulted in significant differences (p < 0.05). Since the forest at site 2 was mainly composed of oaks with very rough bark and Bursera with very smooth bark, the comparison between these two extremes resulted in a significant sites and Sørensen's index (SI, Krebs 1989) of similarity. SI ranges between 0.02 and 0.34, and similarity was generally greatest between adjacent altitudes. The largest difference was found between sites 4 and 5, which also show the largest altitudinal difference. Only one species, the fern Phlebodium areolatum, occurred at all sites, and 75, or more than half of the species, occurred at only one site (see App. 1).
Habitat diversity
Based on habitat diversity, the six zones from the stem base to branches < 5 cm diameter recorded in each forest differed most at site 5 (Table 2) . Niche distinctiveness of all other sites was considerably lower, with lowest values at sites 2 (0.119) and 3 (0.176). Apparently there were no species adapted to the stem base in these forests with open canopies and much light reaching the soil. Only one small plant was found on the stem base of one tree at site 2, whereas the stem bases of trees in the other forests with open canopies (sites 1 and 3), although without a distinct epiphyte community, were by no means devoid of epiphytes.
Biomass
Epiphyte biomass was estimated to be 250 and 100 g dry matter/m 2 at sites 4 and 2, respectively, but not more than 35 g/m 2 at the other sites (Table 2 ). In forests of low and intermediate altitudes, bromeliads dominated the epiphytic community, accounting for between 70 % (site 1) and over 99 % (site 3) of the total epiphytic grow at average annual temperatures below 10 °C and endure regular frosts. Forests at low altitudes receive less rain. As mist hardly ever occurs and high temperatures cause a high evaporative demand, only species able to cope with a very tight water budget can survive. Along the transect from warm and dry to cool and humid forests, the combination of temperature and water availability is an important factor determining the diversity and abundance of epiphytes. It seems to be optimal at mid-altitudes around 1500 m. Gentry & Dodson (1987) suggest that humid forests may achieve a finer niche partitioning and thus a higher diversity because a more constant environment may favour within-community microhabitat specialization by epiphytes. Also, as humid forests are denser, composed of more layers of trees and shrubs, they have more pronounced microclimatic gradients than dry forests of low stature and with open canopies. Therefore, there may not only be a finer niche partitioning and specialization because of the constant environment, but wider gradients of microclimates and substrates may also result in an absolutely larger number of niches and thus contribute to species richness in humid forests. Gentry & Dodson (1987) found 41 species of understory specialists among epiphytes in a very humid forest at Rio Palenque, Ecuador, but none in a semi-deciduous moist forest at Jauneche. These findings are corroborated by results from our study. The forest with the highest habitat diversity (site 5), which was probably the most humid forest in the transect, had a very distinct community of epiphytes restricted to the lower stem and stem base (Hietz & Hietz-Seifert in press ). Generally, habitat diversity was higher in the more humid forests with a dense canopy cover than in dry forests with open canopies. This may be very important for species richness in the forests studied, but it is not possible to separate this effect from the influence of climate.
Altitude is a measure which is easy to obtain, but difficult to interpret as it stands for a complex combination of climatic variables to which species may respond. From studies of a uni-dimensional gradient it is not possible to evaluate the influence of each of these variables. Consequently, for most plants found on the warm and dry but not on the cool and wet side of the transect, it is not clear whether the low temperature, the high humidity, or other possible factors limit their distribution. Only some species of Tillandsia with an atmospheric habit (atmospheric bromeliads have very narrow leaves and do not form water reservoirs) occur in warm and dry forests of the transect and in the cool and dry forests of the central highlands. These species appear to be limited by too high humidity.
The species numbers reported here are considerably lower than those found in very humid forests of the The pine forest at site 3 had the lowest number of epiphyte species per tree, but not all systematic groups were poorly represented. Whereas only one single orchid was found, this site had the largest number of bromeliads (17, plus another three species found on pines outside the plot studied). Ferns were very sparse compared to other sites, and no other epiphytes were present within our plot.
Ordination of single host trees by CCA showed that altitude was the most important variable determining the composition of the epiphytic communities. The eigenvalue of the first axis, which was highly correlated with altitude, was 0.844. When the effect of altitude was eliminated by treating it as a covariable, the resulting first axis had an eigenvalue of only 0.367, but was still significant (p < 0.01) according to the Monte Carlo permutation test (ter Braak 1987) , and was best correlated with the number of epiphytic species per tree.
Discussion
Diversity
Humid montane forests in South and Central America have been found to be among the richest in vascular epiphytes and are often richer than lowland forests at comparable latitudes (Gentry & Dodson 1987) .
In the study area, the largest species number and biomass of vascular epiphytes were found at intermediate altitudes, although at 2000 -2400 m precipitation and especially the frequency of mist (a most important water source for epiphytes) are higher. However, low average temperatures at these altitudes apparently exclude many species. Above 2300 m the number of species decreases considerably, probably because of episodic sub-freezing temperatures. In the area of Xalapa, only 17 species of vascular epiphytes were found at altitudes above 2700 m and 9 above 3000 m, where they must be able to northern Andean region and Costa Rica. Bøgh (1992) reported 104 species of vascular epiphytes on 175 m 2 and Gentry & Dodson (1987) 127 species on 1000 m 2 ; Ingram & Nadkarni (1993) found 65 species on one single tree in Costa Rica. Our species numbers are well within the range found in other lowland and montane forests from Central and South America (Sugden & Robins 1979; Kelly 1985; ter Steege & Cornelissen 1989) . This is noteworthy, since our study area is situated close to the northern limit of the neotropics, and receives only moderate rainfall. Still more remarkable is the large number of species in comparatively dry forests at low altitudes. Mexico is not only an evolutionary centre of cacti and other desert succulents, but also of the genus Tillandsia, and especially the subgenus Tillandsia. This subgenus shows a strong tendency towards an atmospheric habit, low stomata/trichome ratios (Winkler 1986 ) and crassulacean acid metabolism (Medina 1974) , adaptations useful for plants in environments with scarce and insecure water availability. Similarly, the number of tree species found by Lott et al. (1989) in a dry forest in Jalisco, eastern Mexico, receiving less than 800 mm of rain, was considerably higher than that reported from dry forests elsewhere in Central and South America. Like in the case of woody plants (Rzedowski 1986) , the high diversity of epiphytes adapted to drought in Mexico seems to be the result of the extensive and isolated dry and semi-dry forests in Mexico which caused a radiation of these groups.
Our own collections and a revision of the herbarium produced some 200 species of flowering epiphytes from an area of ca. 4000 km 2 , ranging from sea level to over 4000 m. Compared to these figures, the 100 species (ferns excluded) found in six plots with a total of ca. 0.5 ha is a large number. It suggests that several comparatively small but carefully selected preserved areas may contribute much to protect the biodiversity of an area. To protect a population, preserves would, of course, have to be much larger than the 625-m 2 plots of this study in which we often found only one or a few individuals of a species. Data on the abundance of individual species within forests and their distribution in a wider area as those presented here, provide important information for the design of size and location of preserves. In addition, more information on the demography and growth of epiphytes, which is very scarce in the literature, is necessary as survival and reproduction determine the fate of populations. Such data are currently being obtained in the area of this study.
Species distribution
An analysis of site 5 showed that the position within the canopy and the trees is of importance for the composition of the epiphyte community. Here we describe the variation of epiphytes among different trees in the same forest, and among different sites at various altitudes.
Ordination of single trees by CCA showed that altitude was the most important factor determining the composition of the epiphyte communities. Most species show a rather narrow altitudinal distribution and of the sites with a vertical distance of 250 m or more, none were found to share more than 50 % of their species.
In contrast to the very distinct epiphytic vegetation at different sites there was little variation among trees at one site. Generally, big trees carried more biomass and more species, and some species seemed to be restricted to big trees. A significant effect of bark roughness on the number of epiphytes could only be demonstrated for Bursera simaruba, whose very smooth and defoliating bark had a negative effect on colonization by epiphytes. Bursera was generally little colonized by all groups.
Pinus spp. are unsuitable hosts for some groups of epiphytes but not for others, as almost no orchids, but abundant bromeliads were found in the pine forest at site 3. Pine bark is fissured and would easily trap seeds of orchids as well as those of other species, but phenolic or resinous substances are probably unfavourable to their growth. The chemical composition of the substrate may affect orchids more than other groups, as orchids depend on mycorrhizal fungi, and pine bark and needles are slow to decompose. Bromeliad roots, on the other hand, serve mainly as holdfasts and the bulk of nutrients is absorbed by specialized trichomes on the leaves (Benzing 1970) . They should, therefore, be more independent of substrate chemistry.
We found no evidence of any epiphyte displaying a specific preference for a certain host species, although species represented by only one or few individuals and at one site, only might be found on a single tree species. If a tree was a suitable host, this was due first of all to its size and to some extent to its bark roughness. Oaks, often the biggest trees with strongly structured bark, are particularly good hosts. We could not confirm Frei & Dodson (1972) , who found Q. peduncularis to be unsuitable for colonization by orchids because of phenolic bark substances. Among the 10 or more oak species we studied in these and other Mexican forests, including a coffee plantation with Q. peduncularis as shade trees, all were suitable hosts, and densely colonized, also by orchids. However, determining Mexican oaks (with a total of some 250 species) is difficult, their systematic relations are insufficiently known, and it cannot be ruled out that the oak we determined as Q. peduncularis belonged to another species than Frei & Dodson's, or was at least genetically sufficiently remote to show different levels of phenolic substances. Besides, the production of bark substances may be influenced by environmental factors.
Host specificity of vascular epiphytes has been discussed by several authors (Went 1940; Benzing 1990; Daniels & Lawton 1991) , but unambiguous evidence is scarce. Within a site, the size of the host tree is the most important factor determining the number of epiphytes found on it. Therefore, studies evaluating the effect of different host tree species on epiphytes by comparing the proportion of trees colonized, remain inconclusive as long as tree size is not included in statistical tests. Our results show that within a forest, describing canopy height strata or branch size classes can explain more of the epiphytes' distribution than distinguishing single trees or tree species.
If an epiphyte appears to show some preference for a certain host species, this preference is often shared by most other species present, indicating that the general suitability of a tree for epiphyte colonization rather than a particular relation between two species is responsible, which is a considerable difference. A genuine host specificity of an epiphyte would include that one host species is frequently colonized by one species and less often by others and that the supposed host-specific epiphyte is less abundant on other phorophytes in the area, which are suitable for other epiphytes. There are probably many examples of hosts which tend to be more or less suitable for colonization because of their size, bark structure and chemistry, persistent leaf bases, or other features. These hosts are generally suitable or unsuitable either for all species of an area or for certain groups like bromeliads, orchids, or stranglers. A genuine host specificity of single species appears to be rare.
